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The products (chloro ethers and dichlorides) obtained from the reaction of butadiene (l), isoprene (2), and the 
1,3-pentadienes, cis- (3a) and trans- (3b), with chlorine in methanol, methyl hypochlorite in methanol, and meth- 
yl hypochlorite under radical conditions are reported. Analysis of product compositions suggests that chlorine and 
methyl hypochlorite react via essentially identical carbonium ion intermediates in methanol and that in the ab- 
sence of methanol, methyl hypochlorite reacts via a radical mechanism only. Ionic electrophilic attack by chlorine 
occurs only at the 1,2 bond in 2 and predominantly at the 1,2 bond in 3a,b, suggesting that the transition states 
for the reactions are carbonium ion-like. 

Alkyl hypochlorites (ROCl) have been utilized extensive- 
lyl in radical reactions but their potential for ionic reac- 
tions has received limited attention. Reports in the litera- 
ture2 and observations of our own indicated that polar elec- 
trophilic additions of hypochlorites to alkenes apparently 
occurred in protic solvents (alcohols, carboxylic acids, and 
water). We decided to investigate the reaction of methyl 
hypochlorite with the conjugated dienes, butadiene (1), iso- 
prene (2), cis- 1,3-pentadiene (3a), and trans-1,3-penta- 
diene (3b) in methanol. Since earlier studies had made no 
clear distinction between ionic additions and possible radi- 
cal reactions, we needed to  clarify the conditions necessary 
for each mechanism. Our principal interest in studying the 
addition of methyl hypochlorite to dienes centered around 
the hope that this unsymmetrical electrophile would fur- 
nish insights into diene addition mechanisms which could 
not be obtained from symmetrical electrophiles such as 
bromine and chlorine. With methyl hypochlorite, the site 
of initial electrophilic attack on the diene is marked in the 
product with chlorine, permitting an assessment of the rel- 
ative reactivities of the 1,2 vs. the 3,4 double bonds in 2,3a, 
and 3b. The site of nucleophilic attack in the addition is 
confirmed by the position of the methoxyl group, which 
should afford an insight into the nature of the bonding in 
the intermediates. 

Results and Discussion 
Table I shows the products which were obtained from 

the four dienes and the three reagents, chlorine (in metha- 
nol), methyl hypochlorite (in methanol), and methyl hypo- 
chlorite (radical addition). 

Radical addition was accomplished simply by addition of 
the hypochlorite to the neat diene (or in solution a t  high 
diene concentration) where a molecule-induced homolysis 
occurred. 

In dilute solution in methylene chloride (0.02 mol frac- 
tion in diene) the radical addition of methyl hypochlorite 
was greatly retarded and no reaction occurred in the pres- 
ence of oxygen. In dilute methanol solution (0.02 mol frac- 
tion in diene) methyl hypochlorite reacted readily a t  O'C, 
affording high yields of chloro ethers. The 1,2-chloro ethers 
exhibit the structure expected for Markownikoff addition 
of a positive halogen compound. Chlorination in methanol 
produced the same chloro ether products as methyl hypo- 
chlorite as well as relatively small amounts of dichlorides. 

In considering the mechanistic implications of our re- 
sults we were particularly interested in accounting for the 
role of the solvent methanol in promoting the ionic electro- 
philic addition of methyl hypochlorite. It seems to US that  
the inertness of methyl hypochlorite6 toward alkenes in 

typical aprotic, nonnucleophilic solvents used for bromina- 
tion and chlorination (i.e., CCld, CH2C12, hydrocarbons) 
could be due to the inability of methyl hypochlorite and an 
alkene to form an ion-pair intermediate (27). This could be 
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related to the high basicity (and hence instability) of the 
methoxide ion. Scheme I presents two possible mechanisms 
which could account for the role of methanol and, there- 
fore, circumvent the problem of the formation of the high- 
energy ion pair (27). Addition to the 1,3-pentadiene system 
is used as an example. Scheme I suggests that  the diene 
reacts with hypochlorite in a' fast, readily reversible step to 
produce charge-transfer (or a) complexes, 28 and 29. Two 
mechanisms are then possible.' In mechanism i (ioniza- 
tion), a rate-determining ionization of the a complex occurs 
to yield the ion-pair intermediates, 30 and 31. In this mech- 
anism methanol is assigned the specific role of promoting 
ionization of the a complex by stabilizing the methoxide 
ion via hydrogen bonding? Reaction of 30 and 31 with the 
nucleophiles methanol or methoxide ion takes place in a 
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Table I 
Reaction of Dienes with Methyl Hypochlorite and Chlorine 

Me Me H Me Me H Me Me Me 

CH-CHCH-CHZ CH-CcC- CH% CH=CHCH- CH, CH-CS C- CH, CH- CHCHSCH~ CH-CHCH- CH, CHg-C- CH= CH, 

CI OMe 

I I I I I I I I I 
I 1  I 1  I I  

C1 OMe C1 OMe 
I I  I I  I I I  

OMe CI OMe H C1 OMe CI 
I I  I 

C1 H OMe 
4a,b 5 64b 7 11 a b  13 

Me Me Me Me H 
I I I I I 

CHL-C=C-CH~ CH,-C-CH=CH? CH,-C=C-CH, CH1=WH-CH2 CHt-CHCH-CHj CH,-C=C-CHj CH,-CHCH=CH, 

CI 
I I  I I I  
CI H OMe OMe CI 

I I  I I  
C1 OMe C1 OMe 

I I I  
OMe H CI 

I I  I I 
H OMe OMe C1 

I 
14 18 19 20 22 23 26 

Products, %a 
~ 

Reactants Yield, % 4a;b 5 6a,bb 7 11 12a,bb Dichlorides 

3a, MeOC1, MeOH 85 14 4 37 45 

3b, MeOCI, MeOH 88 1.3 0.2 43 55 
3b, Cl,, MeOH 62 6 1.5 28 45 2 oc 

3b, MeOCl (radical) 96 30 54 4 12 

3a, CI,, MeOH 70 27 7 22 29 14.5C 

3a, MeOCl (radical) 84 37 44 2.5 15.5 

Reactants 13  14d 19d 18 20 Dichlorides 

2, MeOCl, MeOHeJ 98 61 25 
2, Cl,, Me0He-g 70 59 18 
2. MeOCl (radicalF 98 9 80.5 4 3.5 

14C 

Reactants 22 23 26 Dichlorides 
1, MeOCl MeOH 85 70 30 
1,  CI,, MeOH 76 60.5 26 1 3 . P  
1, MeOCl (radical) 86 86 14 

a The product percentages are normalized to  100%. b The products formed are, from 3a, threo-4-chloro-3-methoxypentene 
(4a), cis-5-chloro-4-methoxy-2-pentene (6a), cis-4-chloro-5-methoxy-2-pentsne (12a), and from 3b, erythro-4-chloro-3-meth- 
oxypentene (4b), truns-5-chloro-4-methoxy-2-pentene (Ob), and truns-4-chloro-5-methoxy-2-pentene (12b). C In the reac- 
tions with C1, the following dichloride products are also formed: from 3a, 3,4-dichloropentene ( 8 )  (4.5%), 4,5-dichloro-2- 
pentene (9) (5%), 1,4-dichloro-truns-2-pentene (10) (5%); from 3b, 8 (3%), 9 (ll%), 10 (6%); from 2, 3,4-dichloro-3-meth- 
ylbutene (16) (6%) and 1,4-dichloro-2-methyl-truns-2-butene (17) (8%); from 1, 3,4-dichlorobutene (24) (7%) and 1,4-di- 
chloro-trans-2-butene (25) (6.5%). d Compounds 14  and 19 are assigned the trans (E) configuration. ) s 5  e 2-Chloromethyl-l,3- 
butadiene (15) was obtained in the reactions of 2: with MeOCl, MeOH, 14%; with Cl,, MeOH, 8%; with MeOC1, radical, 3%. 
f A minor VPC peak of short retention time was observed (probably l-chloro-2-methyl-l,3-butadiene, since this compound 
is reported4b in the chlorination of 2). g A compound, assigned the structure cis-l-chloro-2-methyl-4-methoxy-2-butene 
(21), was obtained in a quantity equal to 1.5% in this reaction. 

fast step. In mechanism n (nucleophilic), the role of the 
methanol is to make a rate-determining nucleophilic attack 
on the n complexes 28 and 29.9 Considering the fact that  
chlorinations of alkeneslO occur rapidly in aprotic nonnu- 
cleophilic solvents by mechanism i, i t  would seem highly 
unlikely that chlorinations in methanol would proceed by 
mechanism n where attack by methanol is rate determin- 
ing. A sensitive test for similarity of reaction mechanisms 
between the two electrophiles is that  if mechanism i is op- 
erative, then essentially identical intermediate cations (30 
and 31) should be obtained. Therefore, the ratio of 1,2 to 
1,4 methoxy chlorides obtained from electrophilic attack 
on a particular double bond of a diene should then be very 
similar for chlorine and methyl hypochlorite. 

Analysis of the data on the ionic reactions (Table I) 
shows that product ratios from chlorine and methyl hypo- 
chlorite are strikingly similar. These are compared in Table 
I1 in terms of relative reactivities of double bonds and as 
the ratio of 1,2 to  1,4 products resulting from attack by 
chlorine at a particular carbon atom. In examining the data 
on relative reactivities of the double bonds in the unsym- 
metrical dienes, i t  is seen that in reaction with isoprene the 
only products detected result from attack at the methyl- 
substituted 1,2 bond.ll The relative reactivities of the dou- 
ble bonds in the 1,3-pentadienes (3a,b) are shown in Table 
11. In each reaction the nonsubstituted (1,2) bond in 3a,b is 
attacked to  a greater extent than the methyl-substituted 

Table I1 
Bond Reactivities and Ratios of 1,2 and 1,4 Adducts 

Reactants 

3a, MeOCl 
3a, C1, 
3b, MeOCl 
3b, C1, 
1, MeOCl 

2, MeOCl 
1, c1, 

2, c1, 

Reactivities 
of bonds 
in 3a and 
3b (1,21 

3,4) 
4.6" 
1.45b 

8.0d 
65C 

Ratioe of chloromethoxy 
products (1,2 adduct/ 

1,4 adduct) 

From attack From attack 
on 1,2 bond on 3,4 bond 

0.82 3.5 
0.76 3.9 
0.96 6.5 
0.62 4.0 
2.3 
2.3 
2.4 
3.2 

a(6a + 7)/(4a + 6 ) .  b(6a + 7 + 9)/(4a + 6 + 8 ) .  C(6b + 7) /  
(4b + 5 ) .  d(6b + 7 + 9)/(4b + 5 + 8 ) .  eE.g.,  for 3a (MeOCl), 
attack on 1,2 bond, 6al7 = 0.82. 

(3,4) bond. A clear difference between chlorine and methyl 
hypochlorite is also evident from this data.12 The relative 
rates of attack a t  the 1,2 vs. the 3,4 bond in 3a and 3b is ap- 
preciably greater for methyl hypochlorite than for chlorine 
(4.6 vs. 1.5 for 3a and 65 vs. 8 for 3b). 

The data on bond reactivities of the dienes would seem 
t o  be most easily explained by assuming that both reac- 
tions with chlorine and methyl hypochlorite proceed by 
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ionization mechanisms (mechanism i, Scheme I) in which 
appreciable carbonium ion character has developed in the 
transition state preceding the ion pair (30, 31).13 Therefore 
the relative reactivities of the double bonds toward these 
electrophiles are a reflection of the stabilities of the allylic 
carbonium ions in ion pairs 30 and 31. For example, the two 
possible allylic carbonium ions in ion pairs 30 and 31 from 
1,3-pentadiene are shown in Scheme I. It is seen that the 
carbonium ion arising from bonding of chlorine to C1 is a 
resonance hybrid of two contributing secondary ions but 
tha t  bonding a t  Cq gives a hybrid of a secondary and a pri- 
mary ion. The fact that  methyl hypochlorite gives an even 
larger percentage of attack a t  the 1,2 bond in 3a and 3b 
than does chlorine may be explained by taking into account 
that  chlorine is far more reactive than methyl hypochlo- 
rite.14 Greater reactivity implies that  the transition state 
preceding intermediates (30 and 31) for ionization of the P 

complex (28,29) in chlorination would be attained “earlier”- 
before as much carbonium ion character has developed- 
than would be true for the reaction with methyl hypochlo- 
rite. 

Additional evidence that both methyl hypochlorite and 
chlorine react by similar carbonium ion mechanisms is ob- 
tained by comparing the relative amounts of 1,2 and 1,4 
chloromethoxy product obtained from each of the dienes. 
These data are summarized in Table 11. These data show 
that attack on a particular bond in any one of the dienes by 
either chlorine or methyl hypochlorite yields similar ratios 
of chloromethoxy products. The obvious explanation is 
that  both chlorine and methyl hypochlorite yield essential- 
ly identical cationic intermediates which give products by 
reaction with methanol. The site of attack in the ionic in- 
termediates by methanol apparently corresponds to the po- 
sitions where the positive charge is most stable. That  is, in 
the ionic intermediates which would be obtained from at-  
tack on dienes 1, 2, and 3a,b (3,4 bond, intermediate 31), 
where the 1,4 adduct would arise from attack by methanol 
a t  a primary carbon, the main product is the 1,2 adduct 
(1,2/1,4 ratios vary from 2.3 to 6.5). In the case where the 
1,4 adduct is obtained by attack by methanol on a secon- 
dary carbon atom (initial attack on the 1,2 bond in 3a,b, in- 
termediate 30) it is formed in larger amount than the 1,2 
adduct (1,2/1,4,0.62-0.96). 

Turning attention to the principal aim of our investiga- 
tion which concerns bond reactivities in unsymmetrical 
dienes, the data presented above seem to indicate that 
reactivities of the bonds in a diene toward an electrophile 
can be predicted on the basis of the carbonium ion stability 
of the intermediates. This conclusion differs from that 
which PoutsmalO developed from extensive studies on the 
reactivities of monoalkenes (mostly acyclic, aliphatic) 
toward chlorine in aprotic solvents. He found that alkene 
reactivity toward chlorine depends upon the basicity or nu- 
cleophilicity of the n bond rather than upon the stability of 
the expected carbonium ion; the basicity of the alkene is re- 
lated to the degree of alkyl substitution on the double 
bond. For example, the nearly equivalent reactivity of 2- 
butene and isobutylene is explained by assuming that the 
transition state for reaction of chlorine with these alkenes 
is reactant-like rather than intermediate-like, so that the 
potential for greater carbonium ion stabilization with iso- 
butylene (tertiary vs. secondary) is not evident in the tran- 
sition state. 

Concerning the dienes included in the study, isoprene (2) 
would be expected to show greater reactivity a t  the 1,2 
bond both on the basis of alkene basicity and carbonium 
ion stability, but in the case of the 1,3-pentadienes (3a,b) 
there is not a clear choice. For example, Poutsma’s data on 

chlorination shows the relative reactivities of 1-butene, cis- 
2-butene, and trans-2-butene to be 1:63:50, respectively. 
On this basis we might expect the relative reactivities of 
the double bonds in the 1,3-pentadienes to be 1:63:50 for 
reaction a t  the 1,2, the cis 3,4, and the trans 3,4 bonds, re- 
spectively. In fact we find the relative reactivities to be 1: 
0.22:0.015 for reaction with methyl hypochlorite and 1: 
0.69:0.12 for reaction with ch10rine.l~ Clearly, the effect of 
methyl substitution in the 1,3-pentadiene system is quite 
the contrary to what would be predicted on the basis of the 
monoalkenes. Reactivity is found to be much greater a t  the 
nonsubstituted bond. As we have stated above, the relative 
reactivities of the bonds in 3a,b seem to be best interpreted 
from the viewpoint that  the transition state for chlorina- 
tion of conjugated dienes is quite different from that for 
monoalkenes, and is one in which significant carbonium ion 
character is developed. Another point of interest is that  the 
substituted (3,4) bond (3a,b) in the cis diene is much more 
reactive than in the trans diene.15 

Finally, we would like to comment briefly on the radical 
addition of methyl hypochlorite to the dienes. A common 
characteristic of the radical reactions is that  the 1,4 adduct 
is produced in much larger amounts than in the ionic addi- 
tions. In additions to the unsymmetrical dienes the relative 
bond reactivities are appreciably different than for ionic 
reactions. The 1,3-pentadienes exhibit far more attack a t  
the methyl-substituted (3,4) bond than is noted in ionic ad- 
dition; e.g., for ionic additions of methyl hypochlorite to 3a 
and 3b, the 1,2:3,4 bond reactivities (Table 11) are 4.6 and 
65, respectively, whereas, the relative reactivities in radical 
addition are 1.13 and 0.72 for addition to 3a and 3b, respec- 
tively. The radical reaction of methyl hypochlorite with 
isoprene (2) shows less discrimination than the ionic reac- 
tion, in that appreciable attack (12%) a t  the 3,4 bond is ob- 
served in the radical reaction. 

Experimental Section 
General. Dienes and solvents were obtained commercially in 

high purity. Methyl hypochlorite was prepared as a solution in 
methylene chloride by a modification of the method used by Jen- 
ner to prepare n-butyl hypochlorite.16 NMR spectra were obtained 
on a Varian T-60A spectrometer and ir spectra on Beckman IR-10 
or Perkin-Elmer 337 spectrophotometers. VPC analysis of prod- 
ucts from 1 and 3a,b was done on a Hewlett-Packard 5750 flame 
ionization chromatograph and from 2 on an Aerograph 90 P-3 
thermal conductivity instrument. 

Reaction Conditions. Ionic reactions were done at 0-2OC in 
methanol which had been previously saturated with oxygen gas. 
The diene was present in 0.02 mol fraction with respect to the 
methanol. Methyl hypochlorite and chlorine were added as ca. 1 M 
solutions (in methylene chloride and carbon tetrachloride, respec- 
tively) in amounts sufficient to consume 25% of the diene. Reac- 
tions of 2 and 3a,b with methyl hypochlorite required about 1 h for 
completion. The reaction of 1 with methyl hypochlorite was much 
slower (30% complete, 1 h; 80% complete, 18 h). After completion, 
reaction mixtures were poured into ice water and the products iso- 
lated by extraction with pentane. 

Experiments were done which showed that the dichlorides and 
methoxy chlorides formed in the above reactions did not react with 
solvent under the conditions used. For example, a mixture of the 
dichlorides from 2 (16 and 17) was allowed to stand in methanol 
for 1 h at O°C and then poured into ice water and extracted into 
pentane. The ratio of dichlorides was unchanged and methoxy 
chlorides were not formed. The same experiment performed with 
the dichlorides of 3a (8, 9, 10) and with the methoxy chlorides of 
3a (sa and 7) showed that these compounds were likewise unef- 
fected by the reaction conditions.“ 

Radical reactions were done as follows: methyl hypochlorite (ca. 
1 M solution in methylene chloride) sufficient to consume 10% of 
the diene was added to the diene (0.5 mol fraction in CCk) at 
0-5OC (-5 to -1OOC for 1). Reactions had a tendency to show in- 
duction periods and to proceed exothermically with dienes 2 and 
3a,b and were completed when addition of hypochlorite was fin- 
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ished. With 1 the reaction was considerably slower (50% complete, 
30 min) so sun-lamp irradiation was employed to hasten the reac- 
tion. 

Analysis Procedures. Mixtures of products were analyzed by 
VPC with the following columns: column A, 2.5% &&oxydipro- 
pionitrile, on 80-100 Chromosorb W (AW-DMCS), 4 f t  X 0.25 in, 
SS; column B, 2.5% SE-30 on 80-100 Chromosorb W (AW-DMCS). 
VPC analysis is based on ratios of normalized peak areas. Peak 
areas were normalized by obtaining VPC response factors for each 
of the isolated compounds. This was done by analysis of standard 
mixtures of the pure compounds with an internal standard (the 
same internal standards were used to obtain yields in reactions). 

Identification of Isomers. Assignment of structures to the 
compounds reported below is based on interpretation of NMR and 
ir spectra and on certain rearrangement experiments. Most of the 
isomers are readily distinguished by NMR and ir because of differ- 
ences such as the number or location of vinyl hydrogens but cer- 
tain of the isomers differ only in the positions of chlorine atoms 
and methoxyl groups. Such pairs of isomers are the following: 5,7; 
6a,b, 12a,b; 13,18; 14,19; 22,26. Structural distinctions between 
these isomers were made on the following basis. 

(1) On the assumption that the reactions in methanol, Clz, and 
CH30Cl are ionic and that the reaction of methyl hypochlorite at 
high diene concentration is radical, it would be expected that Mar- 
kownikoff adducts would result from the former (6a,b, 13, and 22) 
and non-Markownikoff adducts from the latter (12a,b, 18, and 26), 
since in the former reactions chlorine would be the electrophile 
and in the latter reaction the methoxyl radical would be the chain 
carrier. It is also reasonable that the 1,4 adduct resulting from 
ionic addition to 2 should be 14 rather than 19 since the only 1,2 
adduct observed is 13 (resulting from attack at the 3,4 bond). It is 
not unexpected that radical addition to 2 should occur primarily 
via attack by the methoxyl radical on the 3,4 bond and therefore 
result in 19. A similar argument could be made for the structure of 
the principal 1,4 adduct from 3b under ionic conditions. Since the 
overwhelming 1,2 adduct (6a) results from attack at the 1,2 bond, 
it is highly unlikely that the major 1,4 adduct would result from at- 
tack at the 3,4 bond (thus forming 5). 

(2) It is known that methine protons bonded to carbons bearing 
chlorine exhibit larger downfield chemical shifts than protons 
bonded to carbons bearing methoxyl  group^.^ The pairs of isomers 
assigned structures 5,7 and 22,26 exhibited chemical shifts for 
methine hydrogens in accordance with this principle, i.e., 5, 6 4.5, 
and 7,3.7; 22,3.72, and 26,4.35. Compound 20 exhibited the meth- 
ine absorption at 6 4.38, in close agreement with that in 26. 

(3) Observations on rearrangement of isomers provided addi- 
tional evidence for structural assignments. Solutions of 13,18, and 
20 in carbon tetrachloride to which anhydrous zinc chloride had 
been added were kept at 50° for several hours and analyzed at var- 
ious times by NMR,. Compound 18 had rearranged about 80% after 
2 h to mainly the 1,4-methoxy chloride, 19. After 18 h 20 had rear- 
ranged about 60% 1.0 mainly 14 and some 21 but in the same time 
13 was essentially unchanged. The allylic chlorides 18 and 20 
would be expected to rearrange to the 1,4-methoxy chlorides 19 
and 14, respectively, whereas 13, in which the chlorine is not allyl- 
ic, should be much more stable. When a mixture of mainly 7 and 
12 in carbon tetrachloride was treated with anhydrous zinc chlo- 
ride and allowed to stand at room temperature for 2 h, 12 rear- 
ranged to 5 (observed by NMR). It was also observed that when 
separations of mixtures containing 5,7, and 12 were attempted by 
large scale preparative VPC, samples of either 5 or 12 always con- 
tained both isomers. For example, 5 could be obtained free of 7 
(and pure samples of 7 were readily obtained) but always con- 
tained appreciable 12 dispite the order of retention times, 12 < 7 < 
5. Isomers 5 and 12 can be interconverted by allylic rearrangement 
of the chloride. 

Products from Butadiene (1). Products from 1 were analyzed 
on VPC columns A and B. On column A (50°), retention times 
(min) follow: 24, 2.2; 22, 2.2; 26, 2.7; 23, 8.2; 25, 12.6. On column B 
(35O, 11 f t  X 0.125 in.): 24, 4.5; 22 and 26, 5.0. Dichlorides 24 and 
25 are known compounds.4a Methoxy chlorides were isolated from 
large-scale reytions by distillation and preparative VPC. 

Summary of NMR spectra (parts per million downfield from 
Me&, cc14): 22, 3.25 (8, 3, CHsO), 3.42 (m, 2, CHz), 3.72 (m, 1, 
CHOCH3), 5.08-5.49 (m, 2, CHyCH),  5.79 (m, 1, CHyCH);  23, 
3.26 (8, 3, CHsO), 3.76-4.10 (m, 4, CH&l and CHZOCH~), 5.69- 
5.90 (m, 2, CH=CH); 26, 3.34 (s, 3, CHsO), 3.47 (m, 2, CHz), 4.35 
(m, 1, CHCl), 5.04-5.50 (m, 2, CHz=CH), 5.90 (ddd, 1, CHz=CH, 
J = 9.4, J’ = 6.9, J“ = 16.0 Hz). 

Infrared absorptions (cm-l, Cc4): 22, 3085 (C=CH), 283C 
(CH3O), 1640 (C=C), 1116 (CH30), 989 and 934 (CH=CHz bend. 
ing); 23, 3020 (C=CH), 2830 (CH30), 1120 (CH30), 965 (tram 
CH=CH); 26, 3090 (C=CH), 2830 (CHsO), 1645 (C=C), 1126 
(CHsO), 984 and 930 (CH=CHz bending). 

Products from Isoprene (2). Products from 2 were analyzed b) 
VPC on column A (60°), which gave the following retention timer 
(min): 15, 2.2; 18, 3.0; 16, 3.5; 13, 4.8; 20, 5.3; 21, 10.9; 19, 12.7; 14, 
15.0; and 17, 20.7. All of the products from 2 were isolated by dis- 
tillation of large-scale preparations followed by preparative VPC 
(the most generally useful column was 5% Silicone DC-550 on 80- 
100 Chromosorb W, AW-DMCS, 6 ft X 0.37 in., glass). Dichlorides 
16 and 17 and the monochloride 15 have been previously identi- 
fied.4b 

NMR spectra (cc14): 13, 1.31 (s, 3, CH3), 3.15 (s, 3, CH30), 3.3E 
(s, 2, CH& 5.00-5.40 (m, 2, CHpCH),  5.53-6.04 (m, 1. 
CHz-CH); 14, 1.75 (d, 3, CH3, J = 1.0 Hz), 3.24 (9, 3, CH30), 3.88 
(d, 2, CHzOCHs, 5 3 4  = 6.0 Hz), 3.93 (9, 2, CHZCl), 5.62 (dt, 1. 
CH=C, 5 3 4  6.0, J 1.0 Hz); 18, 1.62 (9, 3, CH3), 3.37 (8, 3, 
CH30), 3.43 (s, 2, CHz), 5.08 [dd, 1, cis CH=C(H)H, J = 9.8, J’ = 
1.3 Hz], 5.27 [dd, 1, trans CH=C(H)H, J = 16.4, J’ = 1.3 Hz], 6.00 

(8, 3, CHsO), 3.77 (6 ,  2, CHZOCH~), 4.05 (d, 2, CHZCl, 5 3 4  = 7.2 

J’ = 0.8 Hz), 3.33 (s, 3, CHsO), 3.53 (m, 2, CHZOCH~), 4.38 (t, 1, 

3, CHsO), 3.93 (d, 2, CHzOCH3, 5 3 4  = 6.8 Hz), 4.03 (s, 2, CHZCl), 

Infrared spectra (CC4): 13, 3085 (C=CH), 2830 (CH30), 1640 
(C=C), 1106 (ether), 995, 931 (CH=CHz bending); 14, 2825 
(CHsO), 1120 (ether); 18, 3080 (C=CH), 2820 (CH30), 1112 
(ether), 988, 926 (CH=CHz bending); 19, 2820 (CHsO), 1660 
(C=C), 1112 (ether); 20, 3080 (C=CH), 2820 (CH30), 1128 
(ether), 909 (C=CHz bending); 21,2825 (CH30), 1105 (ether). 

Products from the 1,j-Pentadienes (3a,b). Products from 
3a,b were analyzed by VPC on columns A and B. On column A 
(60O) retention times (min) follow: 4a and 4b, 1.5; 8, 2.0; 6b, 2.9; 
6a, 3.3; 9, 3.3; 7, 4.2; 12a and 12b, 4.2; 5, 6.2; 10, 8.3. On column B 
(18 ft, 70O): 9,8.2; 6a, 8.9; on column B (6 ft, 32O), 11,8.0; 12a, 12.8; 
12b, 14.0; 7,14.8. Dichlorides 8,9, and 10 were identified previous- 
ly.lS Except for compounds 12a and 12b, identifications were made 
on pure samples of the isolated compounds obtained by prepara- 
tive VPC. Columns used for preparative VPC were 5% DEGS, 15 ft 
X 0.5 in., steel and 5% Silicone DC-550,6 ft X 0.37 in., glass. 

Pure samples of 12 were not obtained because of the similar 
VPC retention time to 7 and because some rearrangement of 12 to 
5 always occurred under the conditions used for preparative VPC 
collection. Identification of 12 was made on mixtures of 12 with 5 
and 7. Identification is based on the rearrangement observations 
described above and on the following NMR observations. Methox- 
yl and methyl absorptions for 12 occur separately from those for 5 
and 7. Decoupling experiments on the mixtures of 12 (with 5 and 
7) showed that irradiation at 6 5.7 caused decoupling of the methyl 
doublet of 12, confirming that the methyl group was bonded to the 
vinyl group. Decoupling of the methyl doublets of 5 and 7 was ac- 
complished by irradiation of their methine regions (6 4.5 and 3.7, 
respectively). Isomers 4a and 4b were isolated from ionic reactions 
of 3a and 3b, respectively, and were found to be uncontaminated 
with each other. Assignment of the threo structure to 4a and the 
erythro structure to 4b is made on the assumption that the stereo- 
specific addition of chlorine and methoxyl would be anti. Com- 
pound 11 was isolated from the reaction of 3b with methyl hypo- 
chlorite. It apparently contained comparable amounts of the 
erythro and threo isomers which are responsible for the two meth- 
yl doublets (NMR). 

NMR spectra (CCL): 4a, 1.38 (d, 3, CH3, J 4 5  = 6.4 Hz), 3.28 (5, 

1, CHCl, J 4 5  = 6.4, 5 3 4  = 5.0 Hz), 5.03-5.43 (m, 2, CH=CHz), 
5.52-6.10 (m, 1, CH=CHz); 4b, 1.45 (d, 3, CH3, 5 4 5  = 6.5 Hz), 3.28 
(5, 3, CH30), 3.50 (dd, 1, CHOCH3, 5 3 4  = 5.3, J z 3  = 5.3 Hz), 3.85 
(dq, 1, CHCl, 5 4 5  = 6.5,534 = 5.3 Hz), 4.93-5.40 (m, 2, CH=CHz), 
5.50-6.07 (m, 1, CH=CH,); 5, 1.58 (d, 3, CH3, J 4 5  = 6.8 Hz), 3.25 
(8,  3, c&O), 3.78-3.95 (m, 2, CHz), 4.22-4.72 (m, 1, CHCl), 5.45- 
5.88 (m, 2, CH=CH); 6a, 1.72 (dd, 3, CH3, YIZ = 7.0, 513 = 1.5 Hz), 

(dd, 1, CH=CHz, J = 16.4, J‘ = 9.8 Hz); 19, 1.72 (6, 3, CH3), 3.25 

Hz), 5.65 (t, 1, CH=C, 5 3 4  7.2 Hz); 20, 1.80 (dd, 3, CH3, 5 = 1.4, 

CHCl, 534 6.8 Hz), 4.90 [q, 1. C=C(H)H, J = 1.4 Hz], 5.03 [q, 1, 
C=C(H)H, 5 = 0.8 Hz]; 21, 1.87 (dd, 3, CH3, J = 1.6 Hz), 3.27 (5, 

5.48 (dt, 1, CH=C, 5 3 4  = 6.8, J = 1.6 Hz). 

3, CHBO), 3.58 (dd, 1, CHOCH3,534 = 5.0, J 2 3  5.0 Hz), 3.95 (dq, 

3.23, (8 ,  3, CHBO), 3.23 [dd, 1, C(H)H, 556’ = 10.5, 5 4 5  
3.47 [dd, 1 C(H)H, J55, 
CHOCH3, J 3 4  
CH3CH=CH, Jzs = 11.0, 5 3 4  

6.2 Hz], 
6.2 Hz], 4.07 (ddd, 1, 

8.5, 545 = 6.2, 545’  = 6.2 Hz), 5.15 (q of dd, 1, 
8.5, 513 = 1.5 Hz), 5.73 (dq, 1, 

10.5, 545’ 
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CHsCHaCH, 5 2 3  = 11.0, 512 = 7.0 Hz); 6b, 1.75 (dd, 3, CH3, 5 1 2  = 
6.2, 513 = 1.2 Hz), 3.27 (8 ,  3, CH30), 3.30 [dd, 1, CH(H), J55t = 
11.0,554 11.0,55’4 zsz 6.0 Hz], 
3.61 (ddd, 1, CHOCH3, 534 7.2, 5 4 5  = 6.0, 546’ 3 6.0 Hz), 5.30 
(ddd, 1, CH&H=CH, 52s 15.5, 5 3 4  = 7.2, 513 = 1.2 Hz), 5.75 
(dq, 1, CH3CH=CH, 5 2 3  15.5, 5 1 2  = 6.2 Hz); 7, 1.18 (d, 3, CH3, 

6.0 Hz], 3.44 [dd, 1, CH(H), 555’ 

5 4 5  6.6 Hz), 3.18 (8, 3, CHaO), 3.43-3.90 (m, 1, CHCI), 3.90-4.07 
(m, 2, CHz), 5.53-5.77 (m, 2, CH=CH); 11, 1.15 (d, CH3, 5 4 6  = 6.0 
Hz), 1.18 (d, CH3,545 = 6.2 Mz), 3.37 (s,3, CH30), 3.20-3.60 (m, 1, 
CHOCHs), 4.07-4.50 (m, 1, CHCl), 5.07-5.50 (m, 2, CH=CHz), 
5.63-6.32 (m, 1, CH=CH2); 12a, 1.73 (d, CH3, 5 1 2  = 5.0 Hz), 3.33 

Infrared spectra (cm-’): 4a (l iquid film), 3070 (C=CH), 2810 
(CH30), 1075 (ether), 920 and 980 (CH=CH2 bending); 4b (CC4), 
3080 (C=CH), 2825 (CHsO), 1640 (C-C), 1095 (ether), 933 and 
999 (CH=CH2 bending); 5 (liquid film), 2820 (CHsO), 1120 
(ether), 960 (trans CH=CH); 6a (l iquid film), 2825 (CBO), 1655 
(C-C), 1100 (ether), 750 (cis CH=CH bending); 6b (l iquid film), 
2825 (CH30), 1095 and 1110 (ether), 965 (trans CH=CB bending); 
7 (liquid film), 2820 (CH@), 1113 and 1090 (ether), 966 (trans 
CH=CH bending); I1 (Cc4), 3080 (C=CW), 2825 (CHaO), 1100 
(ether), 986 and 928 (CH=CHz bending). 
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(8,  CH30); 12b, 1.75 (d, CHa, 5 1 2  = 5.2 Hz), 3.32 (9, CH30). 
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